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ABSTRACT The photothermal response of plasmonic nanomaterials can be exploited for a

Gold Nanoprism:

In vitro: nanoprisms in MEF cells N

number of biomedical applications in diagnostics (biosensing and optoacoustic imaging) and
therapy (drug delivery and photothermal therapy). The most common cellular response to
photothermal cancer treatment (ablation of solid tumors) using plasmonic nanomaterials is
necrosis, a process that releases intracellular constituents into the extracellular milieu producing
detrimental inflammatory responses. Here we report the use of laser-induced photothermal
therapy employing gold nanoprisms (NPRs) to specifically induce apoptosis in mouse embryonic
fibroblast cells transformed with the SV40 virus. Laser-irradiated “hot” NPRs activate the intrinsic/
mitochondrial pathway of apoptosis (programmed cell death), which is mediated by the nuclear-
encoded proteins Bak and Bax through the activation of the BH3-only protein Bid. We confirm that an apoptosis mechanism is responsible by showing how
the NPR-mediated cell death is dependent on the presence of caspase-9 and caspase-3 proteins. The ability to selectively induce apoptotic cell death and to

understand the subsequent mechanisms provides the foundations to predict and optimize NP-based photothermal therapy to treat cancer patients

suffering from chemo- and radioresistance.
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he photothermal effect relies in the
Tability of plasmonic materials to con-

vert absorbed light into heat. The
photothermal response of these materials
has been explored for many relevant life
science applications including photother-
mal therapy,'? drug delivery** photo-
thermal,>® and optoacoustic imaging,®” as
well as biosensing.®® Photothermal cancer
treatment (ablation of solid tumors) using
gold nanoparticles has reached the stage of
clinical trials;' while optoacoustic tomogra-
phy (PAT) is in preclinical stage.'® The im-
pact of these techniques on fundamental
research in life science and clinical care are
expected to be groundbreaking.

During the last two decades, the number
of reports on thermoplasmonics toward
applications in life science has been over-
whelming, particularly with regard to mate-
rials development and cancer treatment."
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Considerable research efforts have focused
on the design of plasmonic materials, which
can produce heat upon excitation by near-
infrared (NIR) light, since biological tissues
display a limited absorption of light from
this range of the EM spectrum, the so-called
NIR-biological window.'? A vast array of
plasmonic materials with different compo-
sitions (gold, silver, copper, graphene,
copper selenide, carbon nanotubes, etc.),
structures (solid or hollow), shapes (nano-
rods, pseudospherical, triangular prisms, etc.)
and surface coatings (polymeric coatings,
peptides, carbohydrates, hydrophobic/
hydrophilic patterned, etc.) are available
for these purposes. However, the intrinsic
physicochemical properties of gold nano-
shells,”® nanorods'* and nanocages'® offer
favorable stability and high heating efficiency
combined with a wide variety of synthetic
methods to produce such nanostructures.
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Other shapes such as nanoprisms and more complex
nanoarchitectures involving coupling between materi-
als are expected to be more efficient nanoheaters.'®
We recently reported a high-yielding synthetic method
for producing anisotropic gold nanoprisms (NPRs) in
the absence of highly toxic reagents.'” The polymeric
surface of these NPRs can be modified with molecules
of biological relevance to enhance cell internalization
and specificity. We have shown how these particular
NPRs can be used as highly efficient nanoheaters for
ablation of cells in vitro,'” photoactive agents for in vivo
optoacoustic multispectral tomography,” as well as ther-
moresponsive materials for biosensing applications.’

Plasmonic nanoparticle-mediated photothermal
therapy typically involves delivery of NPs to the tumor
cells followed by irradiation to produce a localized
elevation in temperature.'® A limited number of stud-
ies have proposed that apoptosis is induced in cells
during photothermal therapy using different types of
NPs.'®~2' However, most of those works did not
explore in detail if cell death was eminently apoptotic
and still necrosis is the most common cellular response
during tumor ablation carried out via NP-mediated
photothermal therapy.??~2* Since uncontrolled necro-
sis typically leads to the release of intracellular constit-
uents into the extracellular milieu, the resulting inflam-
matory responses that are induced may produce a
detrimental knock-on effect by damaging adjacent
tissues, inducing tumor growth, and so forth.?

Apoptosis is essential for ontogenetic develop-
ment as well as adult tissue remodeling and helps to
eliminate damaged, infected, or tumoral cells.?® This
mechanism is characterized by oligonucleosomal DNA
fragmentation, chromatin condensation, mitochon-
drial dysfunction, and translocation of the phosphati-
dylserine phospolipid (PS) to the outer part of the
plasmatic cell membrane. In contrast to necrosis,
membrane integrity is preserved during apoptosis
due to the presence of a number of molecules known
as “eat me” signals in the plasma membrane of dying
cells.?” Thanks to these signals, apoptotic bodies are
rapidly cleared by phagocytic cells including macro-
phages, epithelial and dendritic cells, avoiding the
detrimental effects of necrosis. Further, although apo-
ptotic cell death also induces an inflammatory immune
response, the mechanism and consequences of this
reaction are rather different than during necrosis.
For example, phagocytosis of apoptotic cells usually
activates antitumoral immunity by a process known as
T cell cross-priming.282°

Two families of molecules are primarily responsible
for regulating the apoptotic process: (a) a family of
phylogenetically conserved heterodimeric cysteine
proteases (caspases) divided into pro-inflammatory
(caspase-1, -4 and -5), initiator (caspase-2, -8, -9 and -10)
and executioner (caspase-3, -6 and -7) subsets,*° and
(b) a group of proteins known as the Bcl-2 family,
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consisting of pro-apoptotic (Bak, Bax, Bid, Bim, Noxa,
PUMA etc.) or antiapoptotic (Bcl-2, Mcl-1, Bcl-X, etc.)
proteins3! Both the caspases and the Bcl-2 families
are connected through the mitochondrial apoptosis
pathway. Activation of the pro-apoptotic members of
the Bcl-2 family Bak and Bax, which is usually triggered
by pro-apoptotic BH3-only members like Bid, Bim or
PUMA, is associated with the loss of mitochondrial
membrane potential and the release from the inter-
membrane space of molecules, including cytochrome
c (cyt ¢). Cyt ¢, once released into the cytoplasm, inter-
acts with Apaf-1, deoxyadenosine triphosphate (dATP)
and pro-caspase 9, forming a complex termed apopto-
some that facilitates the activation of downstream
executioner caspases-3, -6 or -7, which are ultimately
responsible for dismantling the cellular structure and
inducing other features that are typical of apoptotic
cell death.

As a response to external stimuli, both apoptosis and
necrosis can occur independently, sequentially and
simultaneously.3” Indeed, the cellular response of cells
or tissue containing plasmonic nanomaterials can be
expected to be complex and will depend highly on the
quantity that is internalized as well as on the amount
of energy absorbed and subsequently dissipated by
those internalized materials.3® While the intrinsic prop-
erties of plasmonic nanomaterials can be modulated
by changing size, shape and composition, cell inter-
nalization can be enhanced by derivatizing their sur-
face with specific biomolecules such as peptides,®*
carbohydrates> or proteins.>® By tailoring the surface
of these materials cell selectivity can be improved,
which thereafter allows for a reduction in the NIR
light-dose levels to values permitted by regulatory
agencies. Clearly, one challenge in this area is being
able to adjust the optical excitation to inflict apoptosis
in treated areas only.

In this work we have used NPRs to efficiently and
specifically induce apoptosis in transformed MEF cells
by irradiating with an unfocused continuous wave NIR
laser (1064 nm). More importantly, we have deciphered
the molecular mechanism of apoptosis involved in this
NPR-induced photothermal therapy, establishing the
basis to predict the efficacy of this new treatment
against cancer cells that are unresponsive to conven-
tional chemotherapy or radiotherapy treatments.

RESULTS AND DISCUSSION

In general, in vivo or in vitro studies regarding
photothermal treatment are based on the analysis of
survival and tumor size/cell death, respectively.”® Most
studies use calcein as indicator of cell death'*3*37 in
conjunction with other fluorescence reporters that
indicate loss of plasma membrane integrity including,
but not limited to, ethidium homodimer-1,3 ethidium
bromide®® and trypan blue.*® It should be noted that

loss of membrane integrity only occurs in necrotic cells.
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Nevertheless, it is essential to note that for in vitro
conditions, in the absence of phagocytic cells, late
apoptotic cells also suffer from loss of membrane
integrity (secondary necrosis), although this effect is
observed later than during primary necrosis. Typically,
the majority of photothermal therapy studies fail to
discern between apoptotic and necrotic cell death, at
least on a fundamental level. Thus, to truly unearth
whether loss of cell viability is occurring by apoptosis
or necrosis, a detailed kinetic study of phosfatidylserine
(PS) translocation and membrane integrity as well as
the molecular markers of apoptosis and the effect of its
inhibition is mandatory.

A number of reports have shown that adjusting the
intensity of radiation produces different outcomes
(either apoptosis and necrosis) indiscriminately for
both magnetothermal (magnetic hyperthermia)*'*?
and photothermal therapy.*® Yet despite this, reports
addressing the cellular response at biomolecular level
remain elusive, i.e., which pathway(s) are activated
by photothermal therapy (cf. section Cell Death
Mechanisms). In the following we address two of the
most relevant and fundamental parameters concern-
ing the photothermal response of cells containing
NPRs, i.e., kinetics and mechanisms.

Kinetics of Cell Death. The conduction electrons of
metallic NPs can resonantly couple to the alternating
electric field of electromagnetic radiation to produce a
collective oscillation, a phenomenon refereed as local-
ized surface plasmon resonance (LSPR). The optical
properties of anisotropic AuNPs are largely affected by
the symmetry axis and aspect ratio; the major con-
tribution to the UV—vis—NIR spectrum of triangular
gold nanoprisms (NPRs) corresponds to the in-plane
dipolar mode located in the NIR range. The NPRs used
in this study were synthesized to possess an LSPR band
of ca. 1080 nm using a previously reported methodo-
logy (Figure 1A)."” Their colloidal stability was main-
tained by attaching heterobifunctional 5 kDa poly-
ethylene glycol (PEG) to the particle surface. The
terminal carboxylic acid groups of the PEG facilitate
subsequent biofunctionalization with aminated mol-
ecules through stable amide bonds. Glucose and a
fluorophore (5-TAMRA-cadaverine or Alexa 647 de-
pending on the application) were then conjugated to
these stabilized NPRs to enhance cell uptake and
provide fluorescent labeling, respectively (Figure 1B).
Cells possess many carbohydrate receptors and differ-
ent pathways for their internalization. Consequently,
nanoparticles with conjugated carbohydrates are
known to undergo enhanced cellular uptake. Further-
more, the presence of PEG and carbohydrates are
known to prevent unspecific adsorption of proteins
present in physiological media.>* We opted for glucose
based on our previous results.'”” Upon excitation by
incident radiation of appropriate wavelength NPRs
generate a sharp local heating by the photothermal
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Figure 1. Triangular gold nanoprisms (NPRs) irradiated with
a NIR laser (1064 nm) produce sharp heating effect which
leads to cell death. (A) Transmission electron microscopy
image of one NPR (scale bar: 50 nm). (B) Scheme of NPR
functionalized with glucose for enhanced cell uptake and
5-TAMRA-cadaverine or Alexa 647 as a fluorescent marker
(fluorophore). (C) Cells containing NPRs irradiated at room
temperature (RT) and at 37 °C heated the surrounding
medium to 41 and 50 °C respectively, corresponding to a
temperature increase of 9 °C (*** p < 0.0001) after less than
10 min irradiation time. (D) Cells containing NPRs were
irradiated with NIR laser at RT or at 37 °C and cell death
was analyzed 5 h later by monitoring AnnV staining and
7AAD incorporation by flow cytometry (FACS) on cells that
had been irradiated for 10 min. RT irradiations produced a
mere 10% cell death, whereas at 37 °C 58% cell death was
observed.

conversion of the absorbed light energy, rendering
these particular particles as extremely efficient “nano-
heaters”. Since the manner of heating (e.g., slow grad-
ual vs fast heating, duration of the heat shock, etc.)
can influence the response,*® the temperature of the
solution upon irradiation was monitored. Irradiating
cells loaded with NPRs (cells were allowed to inter-
nalize NPRs overnight; cf. Materials and Methods) at
room temperature with a Class IV continuous wave
laser (1064 nm) for 10 min resulted in a rise in tem-
perature from 29 to 41 °C (AT = 12 °C); however, when
cells were irradiated at 37 °C, a temperature more
representative of cell environment in vivo, the tem-
perature rose from 37 to 50 °C (AT = 13 °C) (Figure 1Q).
This AT followed an initial very fast rise (AT > 5 °C
within the first minute, ca. 7 °C/min) followed by a
saturation trend (AT < 1 °Cby 4 min) and in both cases,
the rise in temperature resulting from NIR irradia-
tion began to reach a plateau between 4 to 10 min.
Although the rates of temperature rise were similar, the
final temperature that could be achieved varied by
almost 10 °C. Accordingly, preliminary in vitro studies
were carried out to discern between the two possible
chosen temperatures. Cells were incubated with NPRs
and cell death was analyzed 5 h later by monitoring
Annexin V (AnnV) staining and 7-Aminoactinomycin D
(7AAD) incorporation in cells that had been irradiated
for 10 min. AnnV is a protein that specifically binds to
PS, a phospholipid that becomes exposed on the cell

VOL.9 = NO.1

= 52-61 = 2015

WWwWW.acsnano.org

54



1=
S

K7} mm AnnV+7AAD-
K O AnnV+7AAD+
$ 60
>
o
=
<
=S

0

C1C23072°4° 10" C1C23072°4" 10" C1C23072°4" 10" C1C23072°4" 10°
1h 5h 12h 18h
B C

» 80
8 Coc1C224
g e w P70
2 T e e Actin
©
T o0
x

C1C2 20 4 C+

Figure 2. Irradiation of MEF cells loaded with NPRs induces
apoptosis. MEF cells were incubated with glucose-modified
nanoprisms (NPRs, 0.1 mg/mL) overnight and after washing
out free NPRs they were irradiated by an unfocused con-
tinuous wave laser at 1064 nm for 30 s, 2, 4, or 10 min as
indicated in Materials and Methods. (A and B) Necrotic and
apoptotic features were analyzed by FACS (A) Annexin V
(AnnV) and 7-Aminoactinomycin D (7AAD) were used as
markers for apoptosis and necrosis, respectively at different
time points after irradiation, ie., 1, 5, 12, and 18 h. (B)
Caspase 3 activation was analyzed by FACS 5 h after cells
were irradiated during 2 or 4 min as described in Materials
and Methods. (C) The expression of heat shock proteins
(Hsp70) in cells irradiated during 2 or 4 min was analyzed by
Western blot. Actin served as loading control. CO: control
cells. C1: control cells incubated with nanoparticles without
irradiation. C2: control cells irradiated without nanoparti-
cles. C+: cells incubated with staurosporine.

surface as a result of apoptosis. 7AAD on the other
hand is a fluorophore that intercalates with DNA and is
used to analyze loss of membrane integrity during
necrosis. The results clearly demonstrate how cells that
were irradiated at RT were unable to reach sufficient
temperatures to cause cell death (Figure 1D). At RT
<10% cell death was observed; whereas cells irradiated
at 37 °C produced 58% cell death. Consequently, all
subsequent irradiation experiments were performed
at 37 °C in order to mimic biological conditions, to
produce the desired heating effect and to strive for
reproducibility. It should be noted here that cells were
seeded in 96-well plates and the diameter of the laser
beam covers the entire well, thus, all cells were irra-
diated. In all experiments MEF cells were incubated
with a concentration of NPRs of 100 ug/mL since at this
concentration NPR uptake was maximum without any
evidence of toxicity (Figure S1, Supporting Information).

As mentioned previously, in order to distinguish
between apoptosis, primary necrosis and secondary
necrosis, we have performed a detailed kinetic
study on phosphatidylserine (PS) translocation and
7-Aminoactinomycin D (7AAD) uptake in MEF cells
loaded with NPRs, after laser irradiation.

As shown in Figure 2A, MEFs irradiated for 30s, 2 or
4 min did not show any sign of membrane disruption
(7AAD—) or PS translocation (AnnV—) 1 h after the
irradiation. This observation stands in contrast to other
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Scheme 1. Proposed mechanism of apoptosis resulting from
NIR laser-irradiated MEF cells incubated with NPRs. MEF - wt
cells incubated overnight with glucose modified NPRs
(0.1 mg/mL) and irradiated with an unfocused laser beam
for 4 min produce apoptosis via the activation of Bid. Activa-
tion of the pro-apoptotic BH3-only protein Bid leads to
oligomerization of Bak and/or Bax in the outer mitochondrial
membrane, which forms a pore allowing the release from the
intermembrane space of molecules, including cytochrome
c (cyt c). Cyt c in the cytoplasm, interacts with Apaf-1, dATP,
and pro-caspase 9, forming a complex termed apoptosome
that facilitates the activation of caspase 9 and consequently
downstream executioner caspases-3, -6 or -7, which ulti-
mately will be the responsible for apoptotic cell death.

studies where cells die in less than 1 h with evident
membrane rupture.®® The percentage of both apopto-
tic (AnnV+7AAD—) and secondary necrotic (AnnV+
7AAD+) cells clearly increased at longer incubation
times (5, 12, and 18 h). However, it seems evident that
cells become first apoptotic and only later the mem-
brane is disrupted indicating that this is due to sec-
ondary necrosis. This indication is further supported by
the following: (1) cells irradiated for just 30 s became
exclusively apoptotic after 18 h, (2) cells irradiated for
10 min are mostly apoptotic after 1 h and secondary
necrotic after 5 h, and (3) previous results showed that
cells loaded with NPRs irradiated for 2 min with the
same laser at higher intensity (30 W/cm?) were necrotic
immediately after irradiation."”

Altogether our data suggest that under the condi-
tions used for these experiments cell death is driven
by an apoptotic process, which ultimately gives rise to
secondary necrosis. That is, cell death is apoptotic in
origin and, moreover, these findings indicate that the
extent of cell death can be regulated simply by mod-
ulating the time of irradiation (Figure 2A) and the
mechanism of cell death is largely influenced by the
intensity of irradiation.

To further confirm that cell death was apoptotic
we analyzed activation of a specific apoptotic marker
(caspase 3), 5 h after irradiation, the time point at which
50% cells were dead, mostly presenting an apoptotic
phenotype (AnnV+7AAD-). The results regarding
activation of caspase-3 (Figure 2B) mirror the previ-
ous results (Figure 2A). For instance, ca. 30% of cells
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Figure 3. Analysis of the mitochondrial cell death path-
ways is involved in apoptosis induced by irradiation. MEF
wild type cells (MEF-wt) or mutants lacking the Bcl-2
family members Bak and Bax (MEF-BakBax ') and Bid
(MEF-Bid~'") or the caspases, caspase 9 (MEF-Casp9 /")
or caspase 3 (MEF- Casp3*’*) were incubated with glucose-
modified NPRs (0.1 mg/mL) overnight and irradiated by an
unfocused laser beam either for 2 or 4 min as described in
Materials and Methods. For control experiments cells were
incubated with the apoptotic inductor staurosporine (stp)
or the necrotic inductor ethanol (EtOH). Necrotic and apo-
ptotic features were analyzed by FACS 5 h later. (A and B)
Annexin V (AnnV) and 7-Aminoactinomycin D (7AAD). (C)
loss of mitochondrial membrane potential (AW,,). (D) Cells
were incubated with fluorescent-labeled NPRs overnight
(discontinuous line) and the fluorescence intensity was
measured by FACS. Note: continuous line represents cells
without NPRs. C1: control cells incubated with NPRs without
irradiation. C2: control cells irradiated without NPRs.

irradiated for 4 min are positive for the active form of
caspase-3, which corresponds to the number of apo-
ptotic cells (AnnV+7AAD-) in Figure 2A. Both results
therefore point to apoptosis as the mechanism of cell
death using these conditions. Accordingly all subse-
quent experiments were based on analyzing different
apoptotic features 5 h after irradiation for 2 and 4 min.

To confirm that cells loaded with NPRs were under-
going hyperthermia during irradiation we analyzed the
expression of heat shock proteins (Hsp70s) by Western
blot, cf. Figure 2C. These proteins are typically synthe-
sized in response to heat stress in order to protect the
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Figure 4. Bid is activated during irradiation of MEF - wt cells
loaded with NPRs. (A) MEF wild type (wt) cells were incu-
bated with NPRs (0.1 mg/mL) overnight and irradiated by an
unfocused laser beam either for 2 or 4 min as described in
Materials and Methods. As control cells were incubated with
the apoptotic inductor staurosporine (Stp) or the necrotic
inductor ethanol (EtOH). After 5 h, Bid activation was
analyzed by immunoblot. Bid corresponds to the inactive
form,whereas tBid is the active fragment. Actin served as
loading control. (B) Bid and tBid were quantified by densi-
tometry and normalized to the actin control. (C) Percentage
of AnnV+ cells after 2 or 4 min of irradiation in the absence
or presence of the caspase 8 inhibitor (IETD). The cytotoxic
anti-Fas antibody Jo2 together with cycloheximide (CHX)
was used as a control of caspase 8-mediated cell death. CO:
cntrol cells. C1: control cells incubated with NPRs without
irradiation. C2: control cells irradiated without NPRs.

cell for thermal or oxidative stress.** Figure 2C shows
the dependence of the expression of Hsp70s as a
function of irradiation time.

Cell Death Mechanisms. Our data indicate that photo-
thermal treatment induces apoptosis in MEFs, when
using suitable irradiation conditions. Next we analyzed
the molecular mechanism of apoptosis involved in this
process using these conditions (5 W/cm? for 2 or
4 min). There are two main pathways of apoptosis, i.e.,
extrinsic and intrinsic pathways. The extrinsic pathway
is triggered by mortal receptors when engaged by
specific extracellular ligands usually expressed by cells
from the immune system, which is an unlikely scenario
to be triggered during photothermal therapy. The in-
trinsic pathway is characterized by mitochondrial outer-
membrane permeabilization (MOMP) and caspase-3
activation regulated by the Bcl-2 family members as
described in the introduction.

To analyze the involvement of this pathway dur-
ing photothermal therapy induced by NPRs, we
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Figure 5. Localization of NPRs by confocal microscopy. MEF wild type (wt) cells were incubated with glucose- and TAMRA-
modified NPRs (0.1 mg/mL) overnight and irradiated by an unfocused laser beam for 4 min as described in Materials and
Methods. Cells were fixed with PFA 4% following irradiation (ty), at 1 h (t;) and at 5 h (ts) later. In each case the cells were
stained with Hoechst 3342 to stain DNA in nucleus, an anti-Lamp1 antibody as a lysosome marker followed by a secondary
Alexa 488 labeled antibody. C1: control cells without irradiation. An enlargement of specific areas is shown in the right panels.

employed different mutant MEFs obtained from
knockout (KO) mice, in which the pro-apoptotic pro-
teins of the Bcl-2 family Bak and Bax (MEF - BakBax ™)
and Bid (MEF-Bid™'") or the caspases, caspase 9
(MEF-Casp9~") or caspase 3 (MEF-Casp3~/") have
been deleted. Commensurate with the kinetic results
summarized in Figure 2, Figure 3A shows that 5 h after
irradiation, wild-type MEF cells (MEF-wt) suffer from
apoptosis (AnnV+7AAD-). In contrast, MEF - BakBax ™/,
MEF -Bid~/~, MEF-Casp9 '~ and MEF-Casp3~/~ were
completely resistant to apoptosis and cell death in-
duced after irradiation during both 2 and 4 min. As
expected, apoptosis induced by staurosporine (a che-
motherapy drug that activates the intrinsic mitochon-
drial pathway independently of Bid)** was completely
blocked in MEF-BakBax™’~, MEF-Casp9~’~ and
MEF-Casp3~/~ cells, but not in MEF-Bid™~ cells. In
contrast, necrotic cell death induced by ethanol was
not affected by the absence of any pro-apoptotic
protein (Figure 3B). Altogether, these results shown
in Figure 3A and 3B undoubtedly confirm that cells are
dying by apoptosis during photothermal treatment
using NPRs. Otherwise mutant MEF cells would die
by a process commensurate with that of the necrotic
stimulus ethanol.

To further confirm the role of the mitochondria,
mitochondrial damage following irradiation was
investigated in wt and KO MEFs, monitoring loss
of mitochondrial membrane potential (AW,,) by
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flow cytometry. As shown in Figure 3C, all of the KO
MEFs maintained intact AW, after irradiation,
whereas around 50% of MEF-wt irradiated during
4 min lost their AW,,,. This result perfectly correlates
with the percentage of cells undergoing apoptosis
as monitored by AnnV staining (Figure 2A and 3A),
supporting that mitochondria are involved in cell
death execution.

The entry of fluorescent-labeled NPRs was similar in
all mutant MEFs confirming that resistance to apopto-
sis and mitochondrial damage was not due to a
reduced uptake of NPRs (Figure 3D). These results
demonstrate the importance of the mitochondria
and furthermore show that NPR-mediated photother-
mal therapy follows the intrinsic cell death pathway.

The resistance of all mutant MEF cells to apoptosis,
cell death, and mitochondrial damage induced by NPR-
mediated photothermal therapy indicates that the
intrinsic mitochondrial pathway is activated by the
BH3-only protein Bid. In this way Bid would lead to
Bak and Bax activation, mitochondrial outer mem-
brane permeabilisation, cytochrome C release and
caspase-9 activation, which subsequently would lead
to caspase-3 activation, apoptosis and cell death.
The AW, loss resistance of MEF-Casp9’/’ and
MEF - Casp3 ™/~ cells is not surprising, since it has been
described that caspase-3 activation is required for a
feedback amplification loop to completely and irrever-
sibly disrupt AW,,,.*®
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Our results suggest that the role of Bid is key to
apoptosis induced by photothermal therapy and
hence, the mechanism of Bid activation was investi-
gated in detail. During apoptosis Bid is activated by
proteolytic cleavage to generate the active truncated
form tBid.*” Then, tBid translocates into the mitochon-
dria to induce the oligomerization of Bax and/or Bak
and activate the intrinsic mitochondrial pathway of
apoptosis. As shown in Figure 4A photothermal treat-
ment induced the generation of tBid, which was more
evident when cells were irradiated for 2 min as quanti-
fied by densitometry. The appearance of tBid was
accompanied by a decrease in the amount of the Bid
full protein form. As a control, apoptosis induced by
staurosporine (Stp) was also accompanied by Bid
processing into tBid, meanwhile necrosis induced by
ethanol did not induce tBid as expected. The identity of
the bands was confirmed by immunoblot using lysates
from MEF-Bid '~ cells (data not shown).

Stp-induced apoptosis generates tBid from Bid;
however, MEF-Bid™'~ cells died at the same level as
MEF-wt cells, meaning that Bid is dispensable for
apoptosis induced by staurosporine.*® Nevertheless,
together with Figure 3A these results confirm the
involvement of Bid in apoptosis induced by photo-
thermal treatment using NPRs.

Our results show that Bid is activated during photo-
thermal therapy. However, how this activation takes
place remains unclear at this point. Bid is typically
activated by caspase-8 during the extrinsic pathway
of apoptosis triggered by death receptors.*” In order to
analyze if caspase-8 would be the mediator of Bid
activation in our system, MEF-wt cells were treated
with a caspase-8 inhibitor (IETD). As shown in Figure 5B,
IETD failed to protect cells from NPR-induced photo-
thermal therapy, thereby excluding caspase 8 as the
upstream executor of Bid activation and cell death.
IETD completely blocked cell death induced by the
anti-Fas antibody Jo-2, which activates the extrinsic
pathway and caspase-8 after binding to Fas, confirm-
ing the efficacy of IETD to block caspase 8 and cell
death.

Although the process by which nanoheating of
NPRs inside cells can activate Bid remains uncertain
for the present work, we can hypothesize that lysosom-
al cathepsins released in the cytosol due to disrup-
tion of the lysosomes containing NPRs after photo-
thermal treatment might cleave Bid as previously
found for other stimuli.*® We have found that fluores-
cent NPRs are located in the lysosome of MEF cells and
are progressively released following 4 min of irradia-
tion (Figure 5). In MEF cells loaded with NPRs before
irradiation a colocalization (yellow-orange) between
NPRs (red) and the lysosomal membrane protein
marker Lamp-1 (green) can be observed (C1). Although
some green fluorescence is still observed, all red NPRs
are colocalizing with the lysosomes, indicating that all

PEREZ-HERNANDEZ ET AL.

Co
Chek u L
o il alle
cr . } ;#‘ &
e L
p «
Sum & ! 0.5um ;5
4
-~
N o‘) e
13 T .
1h AR A
y I/
' ¥
p o
N J 2
% Sum v 0.5um_
o
E - =
= “\, ) », 0.5um
-
- ’\ -
-
5h " : »: tﬁ
V& "
< 2
5um : oot 0.5um
— o —

Figure 6. Localization of NPRs in MEF cells by TEM. MEF wild
type (wt) cells were incubated with glucose modified NPRs
(0.1 mg/mL) overnight and irradiated by an unfocused laser
beam for 4 min as described in Materials and Methods. Cells
were fixed with glutaraldehyde 1 h (t;) and 5 h (t5) after
irradiation, embedded in resin and sliced with a diamond
knife for inspection by TEM. Control experiments show
NPRs within the lysosomes. One h after irradiation NPRs
can still be observed in the lysosomes (green arrows), but
there is a clear presence of the particles in the cytosol (violet
arrows). Five h after irradiation very few NPRs remain in the
lysosomes and can be observed embedded within the
plasma membrane. CO: control cells. C1: control cells with-
out irradiation. N: nucleus. M: mitochondria. L: lysosome.

NPRs are associated with these organelles. Immedi-
ately after irradiation (t;) some NPRs were released
(single red fluorescence), but there is still a significant
amount of NPRs in the lysosomes (yellow). Progres-
sively, the quantity of NPRs inside the lysosomes
decreased and fluorescence diffused through the cy-
tosol until 5 h of irradiation when almost no NPRs could
be detected in lysosomes. These results indicate that
irradiation causes release of NPRs from lysosomes,
and that this release precedes cell death suggesting
that lysosome permeabilization is involved in NPR-
mediated cell death.

In order to confirm the NPR locations obtained from
confocal microscopy data transmission electronic
microscopy (TEM) was used to analyze the cellular
location of the NPRs before and after release from
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lysosomes. As shown in Figure 6, before irradiation the
NPRs are stored exclusively in lysosomes of MEF cells
(darkest endosomes); however, 1 h after irradiation
significantly less NPRs are found in the lysosomes
(green arrows), and some NPRs are even located in
cell cytosol (violet arrows). The translocation of NPRs
from lysosomes to cytosol is observed more clearly
after 5 h, where very few NPRs remain associated with
lysosomes. Further, the NPRs are clearly present in a
lower concentration within the cell, which is commen-
surate with observations from confocal microscopy
studies (Figure 5). Indeed TEM studies indicate that
the majority of the NPRs are in fact being released from
the cells, which explains the loss of fluorescence
intensity observed by confocal microscopy and the
appearance of NPRs aggregated in the medium as seen
by conventional microscopy after irradiation (data not
shown). From the combined TEM and confocal micro-
scopy data we can conclude that following cell inter-
nalization NPRs are associated with lysosomes and
after NIR irradiation they are released from the lyso-
somes, first into the cytosol before being released from
the cell. Lysosomal permeabilization is needed for this
release and other proteins from lysosomes such as
cathepsins could be released with the NPRs. Although
we have tried to specifically inhibit cathepsins in our
model, the lack of efficacy of the inhibitors and/or their
toxicity did not allow us to reach any clear conclusion.

Lysosomal leakage has been shown to initiate
apoptosis induced by several stimuli.”® Although ex-
tensive lysosomal rupture has been shown to induce

MATERIALS AND METHODS

Synthesis of NPRs. Gold Nanoprisms stabilized with 5 kDa poly-
ethylene glycol (PEG) and functionalized with 4-aminophenyl
p-p-glucopyranoside (glucose) and/or 5-TAMRA cadaverine
(tetramethylrhodamine-5-carboxamide cadaverine; absorption/
emission = 545/576 nm) were synthesized according to the
published literature procedures.'”” The functionalization with
the dye was employed in the fluorescence microscopy study
only.

Cell Culture. SV40-transformed murine embryonic fibroblasts
(MEFs) were cultured in DMEM supplemented with 10% fetal
bovine serum (FBS, PAN biotech) at 37 °C and 5% CO,. MEF cells
were used as a model to analyze the molecular mechanism of
apoptosis since the next mutants were available: BakBax '~
SV40-transformed MEFs were generously provided by Dr. Chris-
toph Borner (Institute of Molecular Medicine and Cell Research,
Center for Biochemistry and Molecular Research, Freiburg,
Germany),”® and compared to a MEF wt cell line, generated by
the same group. Casp9 ™/~ and Casp3 ™/~ SV40-transformed MEFs
were generated and generously provided by the group of Richard
A Flavell,”” Bid™/~ SV40-transformed MEFs were generated and
generously provided by the laboratory of S. J. Korsmeyer.

Analysis of Pro-apoptotic Processes by Flow Cytometry. Cells were
treated with 100 xg/mL NPRs overnight at 37 °C and 5% CO,.
After incubation cells were irradiated with a Ventus 1064 nm
laser from Laser Quantum 5 W/cm? and incubated at 37 °C for
different times 2—24 h. Subsequently, different apoptotic para-
meters were tested by FACS with a FACS Calibur instrument (BD
Pharmingen) and CellQuests software as follows:
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necrosis, partial permeabilization may also be suffi-
cient to induce caspase activation and MOMP.>' A
previous work reported that nanoparticles could be
released from endosomes following photothermal
treatment; however, this release had no effect on cell
viability.*® Lysosomal membrane permeabilization
would lead to release of cathepsins into the cytosol,
which would cleave and activate Bid as indicator for
other stimuli,***>~>° although a formal proof of lyso-
somal involvement in cell death is still pending.

CONCLUSIONS

We have found that photothermal heating condi-
tions of NPRs can be modulated to induce apoptotic
cell death in transformed cells. Apoptosis is mediated
by the intrinsic mitochondrial pathway initiated by Bid
activation and completely dependent on caspase 3
activity, and is a more efficient and overall “cleaner”
method of controlling cell death than necrosis. We
want to emphasize the importance of ascertaining the
mechanism of cell death induced by hyperthermia, not
only to prevent secondary effects such as inflammation
but also in order to avoid unsuccessful treatments. It is
known that development of cancer as well as acquisi-
tion of drug resistance in tumoral cells is achieved by
blocking certain cell death pathways. Therefore, under-
standing the mechanism of cell death following NP-
induced photothermal therapy is crucial to predict and
optimize the efficacy of this novel treatment against
cancer cells that are unresponsive to conventional
therapies.

Nuclear, Cell Membrane, and Mitochondrial Membrane Per-
turbation. Phosphatidylserine (PS) exposure and 7-Aminoacti-
nomycin D (7AAD) uptake were analyzed by FACS or
fluorescence microscopy as described previously using annexin
V—-DY634 or FITC and 7AAD (Inmunostep).58 Briefly, cells
were incubated in 100 uL annexine binding buffer (ABB) with
1—1.5 uL annexine V and 1.5 uL 7AAD (inmunostep) for 15 min
at room temperature. In some cases, the caspase 8 and
10 inhibitor IETD-fmk (Bachem; 30 uM) were added to cell
cultures. Ay, was measured with the fluorescent probe
3,3'-dihexyloxacarbocyanine iodide (DiOC6; Invitrogen) 10 nM
in 100 uL culture medium or ABB at 37 °C for 15 min.>®

Caspase-3 Activation. Caspase-3 activation was analyzed by
FACS as described previously.*® Briefly cells were fixed with 1%
paraformaldehyde (PFA) and incubated with a FITC-labeled
monoclonal antibody (mAb) against the active form of
caspase-3 (clone C92605; BD Pharmingen) diluted in 0.1%
saponin in PBS. After two washes with 0.1% saponin in PBS,
cells were resuspended in 1% PFA and analyzed by FACS.

Inmunoblot. 5 x 10° cells were washed in PBS and lysed
in a buffer containing 1% Triton X-100 during 15 min on ice.
Soluble protein fractions were recovered by centrifugation
and separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Then, proteins were transferred to a PVDF
membrane and blocked with 5% fat-free milk. The following
primary antibodies (dilution) were incubated overnight at 4 °C:
o-Bid (Goat, BD) (1/1000), Hsp70 (mouse, Stressgen (1/1000) or
a-actin (Mouse, Sigma) (1/1000) as loading control, that was
incubated for 1 h. Then, after a washing step and depending
on the primary antibody used, blots were incubated during 1 h
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at room temperature with secondary IgG antibodies conjugated
with HRP (Sigma); o-mouse, a-rabbit at 1/20000 dilution or
a-goat at 1/50000.

Analysis of Interaction of Nanoparticles—Cells. Cells were incu-
bated with 100 xg/mL NPRs, which in addition to the glucose
functionalization were functionalized with the dye Alexa 647,
overnight at 37 °C and 5% CO,. Subsequently NPR uptake
was analyzed by FACS with a FACS Calibur instrument (BD
Pharmingen) and CellQuests software.

Laser Setup and Temperature Measurement. For the NIR irradia-
tion of cell heating experiments, a 1 W continuous wave Ventus
laser (1064 nm, ca. 5 W/cm?) supplied by Laser Quantum was
coupled to a TEMq, fiber by means of fiber coupler (PAF-X-7-C
from Thorlabs). Cells were incubated with NPRs overnight, after
washing steps samples were positioned in front of the beam.
The temperature of cell cultures was monitored in real time
using a software developed by The University of Zaragoza using
a thermocouple.

Confocal Microscopy. Cells grown on 6 mm diameter cover
glasses were treated with 100 ug/mL of NPRs modified with
glucose and TAMRA overnight. Cells were washed with PBS and
fixed with 4% paraformaldehyde solution in phosphate buf-
fered saline (PBS) for 20 min at 4 °C. Fixed cells were washed
with 0.1% saponin in PBS, PBS and H,O4 following the incuba-
tion with a-Lamp?1 (rat, BD) (1/400) in PBS 0.1% saponin, 5%
goat serum for 30 min at room temperature. After washing steps
cells were incubated with the secondary antibody o-Rat-Alexa-
fluor488 (goat, invitrogen) (1/500) 30 min at room temperature.
Then were mounted on a drop of fluoromount-G (Southern
Biotechnology Associates, Inc.) containing 2 ug/mL Hoechst
33342 (Invitrogen). Afterward, the cells were analyzed by con-
focal microscopy. Fluorescence images were taken at room
temperature on a confocal microscope (Olympus FV10-i Oil
Type), using the same settings for all the cell lines. The software
FV10i-SW was used for minor adjustments to background and
image overlay.

Transmission Electron Microscopy. For electron microscopy stud-
ies, cells were washed with PBS and subsequently fixed with 2.5%
glutaraldehyde in 0.1 M phosphate buffer (PB) for 1 h at 4 °C.
Then, the cells were washed with 0.1 M PB for four times. Sections
were postfixed with 2% osmium, rinsed, dehydrated and em-
bedded in Durcupan resin (Fluka, Sigma-Aldrich, St. Louis, USA).
Semithin sections (1.5 um) were cut with an Ultracut UC-6 (Leica,
Heidelberg, Germany) and stained lightly with 1% toluidine blue.
Finally, ultrathin sections (0.08 um) were cut with a diamond
knife, stained with lead citrate (Reynolds solution) and examined
under a 200 kV transmission electron microscope FEI Tecnai TF20
(FEI Europe, Eindhoven, Netherlands).
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